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Abstract
Background—Clinical, pathologic, and molecular evidence indicate that bladder cancer is
heterogeneous with pathologic/molecular features that define distinct subphenotypes with different
prognoses. It is conceivable that specific patterns of genetic susceptibility are associated with
particular subphenotypes.

Objective—To examine evidence for the contribution of germline genetic variation to bladder
cancer heterogeneity.

Design, setting, and participants—The Spanish Bladder Cancer/EPICURO Study is a case-
control study based in 18 hospitals located in five areas in Spain. Cases were patients with a newly
diagnosed, histologically confirmed, urothelial cell carcinoma of the bladder from 1998 to 2001.
Case diagnoses were reviewed and uniformly classified by pathologists following the World
Health Organisation/International Society of Urological Pathology 1999 criteria. Controls were
hospital-matched patients (n = 1149).

Measurements—A total of 1526 candidate variants in 423 candidate genes were analysed.
Three distinct subphenotypes were defined according to stage and grade: low-grade nonmuscle
invasive (n = 586), high-grade nonmuscle invasive (n = 219), and muscle invasive (n = 246). The
association between each variant and subphenotype was assessed by polytomous risk models
adjusting for potential confounders. Heterogeneity in genetic susceptibility among subphenotypes
was also tested.

Results and limitations—Two established bladder cancer susceptibility genotypes, NAT2
slow-acetylation and GSTM1-null, exhibited similar associations among the subphenotypes, as did
VEGF-rs25648, which was previously identified in our study. Other variants conferred risks for
specific tumour subphenotypes such as PMS2-rs6463524 and CD4-rs3213427 (respective
heterogeneity p values of 0.006 and 0.004), which were associated with muscle-invasive tumours
(per-allele odds ratios [95% confidence interval] of 0.56 [0.41–0.77] and 0.71 [0.57–0.88],
respectively) but not with non–muscle-invasive tumours. Heterogeneity p values were not robust
in multiple testing according to their false-discovery rate.

Conclusions—These exploratory analyses suggest that genetic susceptibility loci might be
related to the molecular/pathologic diversity of bladder cancer. Validation through large-scale
replication studies and the study of additional genes and single nucleotide polymorphisms are
required.

Keywords
Urinary bladder cancer; Genetic polymorphism; Heterogeneity; Tumour subphenotypes;
Pathologic characteristics

1. Introduction
Urothelial cell carcinoma of the bladder (UCCB) is the fifth most common cancer in men; it
occurs with a male-to-female ratio of approximately 3:1. Spain has one of the highest
incidence rates among men (55 per 100 000) yet one of the lowest among women (7.4 per
100 000), with a male-to-female ratio of 7:1 [1]. Because of its commonly indolent course,
UCCB is one of the most expensive cancers in terms of medical care costs per patient [2].
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Pathologic and molecular evidence suggest that UCCB is not a unique phenotype. Based on
stage, tumours are classified as non–muscle invasive and muscle invasive, the former
representing approximately 80% of cases at presentation. Non–muscle-invasive tumours are
subclassified into low and high grade. Tumours of these subphenotypes have different
biologic behaviour and are associated with distinct patient prognosis [3–5]. This
classification has been supported by the identification of molecular alterations that identify
two major genetic pathways leading to low-grade, genomic stable and high-grade, genomic
unstable tumours, the latter including a proportion of non–muscle-invasive tumours and the
vast majority of muscle-invasive tumours. Activating mutations in FGFR3 and PI3KCA are
associated with low-grade non–muscle-invasive tumours, whereas p53 and RB pathway
alterations are critical for high-grade nonmuscle-invasive and muscle-invasive tumours (Fig.
1) [6,7]. However, the precise mechanisms through which tumours evolve need to be more
precisely defined.

The aetiology of UCCB is multifactorial, with both environmental and genetic factors
identified. The best established exogenous risk factors are tobacco and occupational
exposure to aniline dyes and aromatic amines [8,9]. Their influence on UCCB risk is similar
for tumours of varying stages and grades [10]; thus exogenous risk factors cannot currently
explain disease heterogeneity. UCCB is also one of the tumours for which a role of low-
penetrance genetic variants, such as GSTM1-null and NAT2-slow, has been best established
[11]. Furthermore, strong evidence indicates an interaction between the NAT2-slow variant
and smoking [11]. Other genetic polymorphisms have been reported to be associated with
UCCB risk, but replication is necessary to establish risk conclusively [12,13]. One
explanation for this lack of success is that polymorphisms may exhibit a small to moderate
effect only within particular subphenotypes of the disease [6,14]. Thus polymorphisms that
may be important for a particular subphenotype could be overlooked in an analysis that
pools the subphenotypes due to an attenuation of effects. The aim of this work is to
investigate whether UCCB subphenotypes defined according to clinicopathologic
characteristics have different associations with germline polymorphisms in the Spanish
Bladder Cancer (SBC)/EPICURO Study. Although this approach has been recently applied
to breast [14] and prostate cancer [15], this report is the first to do so for UCCB. A total of
1526 polymorphisms in 423 cancer candidate genes were examined with respect to three
distinct UCCB subphenotype groups.

2. Patients and methods
2.1. Study population

The details of the study population have been described previously [8,11,16]. Briefly, the
SBC/EPICURO Study is a case-control study based in 18 hospitals located in five areas in
Spain. Cases were patients with a newly diagnosed, histologically confirmed UCCB from
1998 to 2001. A panel of expert pathologists reviewed slides to confirm the diagnosis and
ensure uniformity of the classification criteria according to the 1998 system of the World
Health Organisation and the International Society of Urological Pathology [3]. The TNM
classification was applied for stage assignment [17]. Controls were patients admitted to
participating hospitals for diagnoses believed to be unrelated to the exposures of interest and
were individually matched to cases on age, gender, ethnic origin, and region. Information
was obtained during the first hospital admission. A total of 1219 cases and 1271 controls
agreed to participate in the study and were interviewed. Of them, 1188 cases (97%) and
1173 controls (92%) provided a blood or buccal cell sample. Exclusions were due to
insufficient DNA and to reduce heterogeneity (nonwhite, lack of diagnostic slides,
nontransitional histology, and urothelial neoplasms of low malignant potential). The final
study population consisted of 1051 cases and 1149 controls. Subsequently, cases were
classified in three subphenotypes according to tumour stage (T) and histologic grade (G):
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low-grade non–muscle invasive (Ta G1/Ta G2, n = 586), high-grade non–muscle invasive
(Ta G3/T1 G2/T1 G3, n = 219), and muscle invasive (T≥2, n = 246).

2.2. Genotyping
Genotyping was performed as described using leukocyte (1011 cases, 1032 controls) or
mouthwash (40 cases, 117 controls) DNA and the GoldenGate (Illumina, San Diego, CA,
USA) and/or TaqMan (Applied Biosystems) assays [11,12]. The GoldenGate assay was
comprised of single nucleotide polymorphisms (SNPs) from the SNP500Cancer project
(http://snp500cancer.nci.nih.gov) belonging to candidate genes related to the carcinogenic
process; an attempt was made to select for nonsynonymous variants or those with evidence
for functional significance [12]. All polymorphisms were SNPs, with the exception of NAT1,
which was categorised into NAT1*4 and NAT1*10, the “at-risk” allele [11]; NAT2, which
was categorised into slow-acetylator and intermediate/rapid-acetylator phenotypes; and
GSTM1 and GSTT1 genotypes, which were defined as “null” (−/−) and “present” (+/− or +/
+) [11]. SNPs are reported as the gene name followed by the reference SNP (rs) number,
according to the international coding nomenclature. Details regarding all 1526
polymorphisms can be found in Supplementary Table 1.

Genotype concordance in the duplicate quality-control samples was ≥99%. For the 63 SNPs
genotyped by both platforms, the concordance rate was ≥98%. For those SNPs, information
from the Illumina platform was first applied, followed by TaqMan data in the event of
missing information. Approximately 6% (96 of 1526) of the gene variants showed
significant departures from Hardy-Weinberg equilibrium (p < 0.05) in the control
population, consistent with what would be expected by chance (Supplementary Table 1).
Polymorphisms were excluded if they had a low minor allele frequency (<0.05) in the
control population or if they were highly correlated with other variants (r2 ≥ 0.85). A total of
451 variants were excluded (Supplementary Table 1).

2.3. Statistical methods
Demographic characteristics were compared among individuals in the three UCCB
subphenotypes and in the control group using the analysis of variance for continuous
variables and the χ2 test of independence for categorical variables. Additionally, these
comparisons were made among the three subphenotypes only.

Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated for the three UCCB
subphenotypes using polytomous logistic regression models for each variant considering a
codominant and additive mode of inheritance. The codominant model makes no assumptions
regarding the contribution of the alleles in the three genotypes, whereas the additive model
assumes a dose response or trend with every increase in allele count (0, 1, 2). The model
compared each tumour group to the control group, adjusting for the following potential
confounders: age at interview, gender, region and smoking status (never, occasional, former,
and current) [8]. Thus an OR >1 indicates an increased risk and an OR <1 indicates a
decreased risk for a particular subphenotype compared with the controls. The global
association between variants and risk of any UCCB was tested using a likelihood ratio test
(LRT) comparing models with and without all variant coefficients for both modes of
inheritance. Similarly, the association between variants and risk of distinct subphenotypes
was tested with a 2-df LRT and a per-allele trend test for each subphenotype.

Heterogeneity of genotype ORs (risk estimates) was tested using a LRT comparing a model
in which the variant coefficients were constrained to be equal across the subphenotypes with
an unconstrained model for both modes of inheritance. These LRTs are analogous to
homogeneity of OR tests. Post hoc pairwise comparisons were performed if the
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heterogeneity p value was <0.01. The p values <0.01 were considered statistically
significant. The robustness of the results for nonredundant and common polymorphisms was
evaluated using the false discovery rate (FDR) [18]. Rather than applying an arbitrary FDR
cut-off threshold, the most significant findings are presented so that the reader may assess
the robustness of the results. All analyses were performed in R v.2.6.0
(http://www.r-project.org).

3. Results
Patients with tumours of the three subphenotypes were similar with respect to all
demographic characteristics except for age (Table 1). Cases with low-grade non–muscle-
invasive tumours were slightly younger than those with high-grade non–muscle-invasive
(mean age: 65.2 vs 67.3 yr) and muscle-invasive (mean age: 67.1 yr) tumours. Most patients
were men (approximately 87%) and either former smokers (39.2%) or current smokers
(43.0%). Patients with muscle-invasive tumours were more likely to be current smokers
(47.2%) than those with low-grade (42.3%) and high-grade (40.2%) non–muscle-invasive
tumours, although not significantly so (p = 0.7).

Controls were similar to cases with respect to gender and region, as expected. They were
slightly younger (mean age: 64.7 yr) than cases in the high-grade non–muscle-invasive and
muscle-invasive groups, although, again, these differences were quite small and there was
no overall age difference between pooled cases and controls. As expected, controls were less
likely to be current smokers than cases.

3.1. Heterogeneity in genetic susceptibility according to tumour subphenotypes
There was evidence of heterogeneity in genetic susceptibility (p < 0.01) to UCCB according
to subphenotypes in 13 SNPs belonging to 12 genes under the codominant or the additive
mode of inheritance (Table 2a and 2b, respectively). Four of them (PMS2-rs6463524,
DNAJC18-rs4315920, BRCA2-rs1801406, and XRCC5-rs828702) showed significant
heterogeneity p values under both modes of inheritance. PMS2-rs6463524 and DNAJC18-
rs4315920 were only associated with the muscle-invasive group and provided the strongest
evidence of heterogeneity in the genotype ORs under the codominant (respective p values,
0.002 and 0.005) and additive (respective p values, 0.006 and 0.001) modes of inheritance.
These findings were not robust to multiple testing because all FDR values for the
heterogeneity p values, based on the 1075 polymorphisms examined in the analyses, were
>0.75.

Pairwise comparisons of the SNPs with significantly different risk estimates showed that the
more extreme subphenotypes (low-grade non–muscle-invasive vs muscle-invasive) were
significantly different (p < 0.01) under the additive model. This was not the case for the
codominant model, where only three of the eight SNPs showed different risk estimates
between the extreme groups. Pairwise comparisons also showed that risk estimates differed
between the high-grade non–muscle-invasive and muscle-invasive groups under both modes
of inheritance. In contrast, risk estimates between the low-grade and high-grade non–
muscle-invasive groups were similar for all of these SNPs except for two (MBL2-rs5030737
and MMP1-rs10488) under the codominant model.

Interestingly, these 13 SNPs were all nonsignificant (p > 0.01) in a logistic regression
analysis when patients in the three subphenotype groups were pooled. This is due to an
attenuation of the risk estimates (Table 3), although the trend tests for the MMP1-rs10488
and PMS2-rs6463524 SNPs were marginally significant (p = 0.04).
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Figure 2 displays the risk estimates and 95% CIs for the three subphenotypes separately and
jointly under the additive pattern of inheritance for the following four SNPs: CD4-
rs3213427, PMS2-rs6463524, MMP1-rs10488, and ALAD-rs1139488. These SNPs
conferred increased (or decreased) risks for a particular subphenotype and neutral risks for
the remaining tumour groups. Estimates for the CD4-rs3213427 and PMS2-rs6463524 SNPs
were only significant for the muscle-invasive group, whereas estimates for the MMP1-
rs10488 and ALAD-rs1139488 SNPs were significant only for the high-grade and low-grade
non–muscle-invasive groups, respectively. The figure also shows the attenuation in risk
estimates for the pooled tumour groups. Supplementary Table 2 displays all genetic
association results for the three subphenotypes, including the genotype frequencies for each
polymorphism.

3.2. Genetic variants associated with bladder cancer: GSTM1, nAT2
GSTM1-null and NAT2-slow genotypes provide the best evidence of genetic susceptibility to
UCCB [11] and conferred similar risks among the three subphenotypes (Fig. 3a). The
GSTM1-null genotype was associated (p < 0.001) with all three subphenotypes. The NAT2-
slow genotype was associated with the non–muscle-invasive groups with p values < 0.009
and with the muscle-invasive group with p = 0.05.

3.3. Previously identified variants in the Spanish Bladder Cancer Study
Our previous reports suggested novel SNPs to be associated with UCCB risk [12]. We
analysed their association with the tumour subphenotypes and focused on SNPs from the 13
top candidates reported (Table 1 of Garcia-Closas et al [12]). The most robust association
with overall UCCB was for VEGF-rs25648 [12]; this variant was associated with all three
subphenotypes: tumour-specific 2-df LRT p < 0.008 (Fig. 3b and Supplementary Table 3).
The remaining SNPs in genes previously reported to be associated with UCCB also showed
similar risks among the three subphenotypes (p > 0.01), but for the most part they were
significantly associated with only one or two of the tumour groups because of a statistical
power issue (Supplementary Table 3).

4. Discussion
We investigated evidence of heterogeneity of genetic susceptibility to three well-established
UCCB subphenotypes with different biologic behaviours and prognoses, leading to the
identification of novel tumour subgroup-specific associations. These findings require
replication in future studies. Our aim was to identify gene variants that differentially
predispose bladder tumours to papillary low-grade, genomically stable (α), high-grade non–
muscle-invasive (β1), or muscle-invasive (β2) subphenotypes (Fig. 1). We previously found
that an inherited FGFR3 variant was differentially associated with low-grade versus high-
grade non–muscle-invasive tumours [16].

Risk estimates for the two best established UCCB susceptibility genes, GSTM1 and NAT2,
were similar across subphenotypes. Similarly, VEGF-rs25648 and other polymorphisms
previously identified to be associated with UCCB risk in our study [12] conferred similar
risks among subphenotypes.

Among the patients with non–muscle-invasive tumours, risk estimates were similar for the
SNPs analysed, except for MBL2-rs5030737 and MMP1-rs10488, which conferred
significantly decreased risk for heterozygotes in high-grade tumours. Mannose-binding
lectin 2 (MBL2) participates in innate immunity and rs5030737 (R52C) is associated with
impaired function [20]. Other MBL2 variants have been associated with risk of autoimmune
and infectious diseases [20] and cancer [21,22]. Recently, Pine et al reported the prognostic
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value of MBL2 polymorphisms, including rs5030737, for lung cancer survival [23]. MMP1
is involved in tissue remodelling, tumour invasion, and metastasis. Although associations
found only for the heterozygous genotype are often disregarded because they are believed to
be biologically implausible, there is precedent that some of them are detected consistently
across studies [24,25]. Also, it is likely that these SNPs follow other modes of inheritance
(eg, dominant or recessive) but, due to the exploratory nature of these analyses, only the
codominant and additive modes of inheritance were considered. Another caveat is that,
when stratified by subphenotypes, the genotype frequencies can be considerably low and
thus add noise to the OR estimates (Supplementary Table 2c).

The most notable differences in risk estimates occurred when comparing muscle-invasive
and non–muscle-invasive tumours. Irrespective of the mode of inheritance, heterogeneity
was observed for DNAJC18-rs4315920, coding for a heat shock protein with methyl-
transferase activity and SNPs in DNA repair genes, PMS2-rs6463524, BRCA2-rs1801406,
and XRCC5-rs828702. There is some evidence on the role of genetic variation in double-
strand break DNA repair mechanisms in UCCB susceptibility [13].

CD4-rs3213427 and PMS2-rs6463524 showed neutral risk estimates (OR: ≈1) for the non–
muscle-invasive groups and decreased risk for the muscle-invasive group (Fig. 2 and Table
2). Other SNPs conferred risk estimates among subphenotypes in opposite directions.
Although we cannot discard the possibility that this may be due to random variation or
chance, it is possible that variants confer contrasting risks to different subgroups due to the
complex mechanisms involved in the development/progression of tumours. Because the
effect of each genetic variant is probably modulated by other genetic factors, both inherited
and somatic, as well as by micro- and macroenvironmental exposures, such contrasting risks
remain biologically plausible. Specific somatic alterations are involved in the different
subphenotypes, possibly leading to distinct molecular profiles that may explain inherited
factors in opposite directions. In fact, subgroup analyses in other studies have observed such
crossover interactions [26,27], with some underlying debate about their biologic plausibility
[28].

An additional aspect regarding the interpretation of the results relates to the functionality of
the variants differently associated with bladder cancer subphenotypes. Some of them are
placed in coding regions leading to a change of amino acid and for whom an altered protein
function has been proved (23). Other significant SNPs, although placed in coding regions,
do not lead to an amino acid change. This fact does not rule out a functional effect because it
has been reported that SNPs can be an important mechanism affecting splicing regulation
(29,30). Furthermore, it is noteworthy that most of the very reproducible “hits” in genome-
wide association studies identified over the past 2–3 yr indeed are placed in gene deserts or
in areas of unknown function; the findings remain highly relevant (A Catalog of Published
Genome-Wide Association Studies; available at: http://www.genome.gov/26525384).
Among them, that reported by Kiemeney et al was highly associated with bladder cancer
risk [31].

The study’s strengths include a large sample size, high participation rates, high quality of
information on exposures and genotyping, and the uniform pathologic assessment of
tumours. Furthermore, this study was prospectively designed to assess the role of genetic,
environmental, and clinical factors in UCCB risk. Nonetheless, the results reported here
should be interpreted with caution in light of several limitations. The genes/SNPs analysed
were not selected to assess subphenotype heterogeneity. Some subjectivity in the pathologic
evaluation of tumours cannot be ruled out, although it was reduced by ensuring a uniform
tumour classification by trained pathologists. By considering molecular alterations occurring
early in urothelial carcinogenesis, a more accurate subphenotyping classification may be
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applied in future studies. Furthermore, the study was based on a tumour development/
progression model that is likely to be an oversimplification. Although rare, a few patients
with low-grade tumours eventually invade the muscle; furthermore, confluence of tumours
can also occur in the context of a multicentric neoplasm such as UCCB. Although we
observed some evidence of heterogeneity in genetic susceptibility, the results were not
robust to multiple testing due to limited statistical power. Although this is one of the largest
UCCB studies carried out so far, it was not designed to have sufficient power to investigate
heterogeneity by subphenotypes. However, the study provides valuable novel information
on the heterogeneity in genetic susceptibility of UCCB that, jointly with the molecular and
pathologic heterogeneity, will help to disentangle the complexity of this disease. This work
should stimulate replication of our findings in independent UCCB case series.

5. Conclusions
To our knowledge, this is the first report to investigate heterogeneity of genetic
susceptibility to subphenotypes defined by clinicopathologic characteristics in a large
epidemiologic study. Importantly, the well-established variants associated with UCCB
displayed similar risks for all subphenotypes. Furthermore, we identified new
polymorphisms potentially associated with particular subphenotypes that did not show
overall associations with UCCB risk. These exploratory analyses suggest that inherited
factors may also contribute to the molecular/pathologic diversity of UCCB. However,
validation through large-scale replication studies is required. Ongoing genome-wide
association studies should contribute to these aims [31].

Although this research may not have immediate consequences at the clinical level, these
results help to disentangle the molecular and pathologic diversity of UCCB. Furthermore,
novel genetic associations with particular subphenotypes could lead to the discovery of
novel genes involved in disease progression and to novel therapeutic targets. The relevance
of tumour subphenotypes in cancer treatment is becoming obvious in areas where there is
more knowledge, such as is the case for breast cancer (ie, luminal vs basal) or colorectal
cancer (ie, mismatch repair vs nonmismatch repair). UCCB offers an opportunity in this
sense.

Take-home message

This report is the first to examine genetic susceptibility to distinct bladder cancer
subphenotypes. We provide evidence of heterogeneity in variant risk estimates among
bladder subphenotypes. Replication will be required for conclusive evidence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A model for bladder cancer development and progression. Two pathways are defined
according to distinctive bladder cancer subphenotypes: The first pathway is composed of
low-grade non–muscle-invasive (Ta G1/Ta G2)—genomic stable—tumours; the second is
composed of both high-grade non–muscle-invasive (Ta G3/T1 G2/G3) and muscle-invasive
(tumour stage [T] ≥2)—genomic unstable—tumours. Mutations in FGFR3 and PIK3CA
have been shown to be associated with the first pathway, whereas alterations in the p53 and
RB functional networks have been shown to be important for the second pathway. α, β1, and
β2 refer to the genetic variants associated with low-grade non–muscle-invasive, high-grade
non–muscle-invasive, and muscle-invasive tumours, respectively.
G = histologic grade.
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Fig. 2.
Per-allele risk estimates and 95% confidence intervals for bladder cancer subphenotypes and
pooled cases. Per-allele risk estimates for bladder cancer subphenotypes are represented by
boxes that are proportional to sample size.
LRT = likelihood ratio test; OR = odds ratio.
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Fig. 3.
(a) Risk estimates and 95% confidence intervals (CIs) for bladder cancer subphenotypes for
GSTM1-null genotype and NAT2 slow acetylation. (b) Risk estimates and 95% CIs for
bladder cancer subphenotypes for the VEGF-rs25648 single nucleotide polymorphism
(SNP), given a codominant mode of inheritance. Risk estimates for bladder cancer
subphenotypes are represented by boxes that are proportional to sample size. The “Global” p
value tests for a genetic association with any subphenotype. The “Hetero” p value tests for
heterogeneity in genotype risk estimates among all subphenotypes.
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